Cardiac development relies on proper cardiomyocyte differentiation, including expression and assembly of cell-type-specific actomyosin subunits into a functional cardiac sarcomere. Control of this process involves not only promoting expression of cardiac sarcomere subunits but also repressing expression of noncardiac myofibril paralogs. This level of transcriptional control requires broadly expressed multiprotein machines that modify and remodel the chromatin landscape to restrict transcription machinery access. Prominent among these is the nucleosome remodeling and deacetylase (NuRD) complex, which includes the catalytic core subunit CHD4. Here, we demonstrate that direct CHD4-mediated repression of skeletal and smooth muscle myofibril isoforms is required for normal cardiac sarcomere formation, function, and embryonic survival early in gestation. Through transcriptomic and genomewide analyses of CHD4 localization, we identified unique CHD4 binding sites in smooth muscle myosin heavy chain, fast skeletal α-actin, and the fast skeletal troponin complex genes. We further demonstrate that in the absence of CHD4, cardiomyocytes in the developing heart form a hybrid muscle cell that contains cardiac, skeletal, and smooth muscle myofibril components. These misexpressed paralogs intercalate into the nascent cardiac sarcomere to disrupt sarcomere formation and cause impaired cardiac function in utero. These results demonstrate the genomic and physiological requirements for CHD4 in mammalian cardiac development.
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heart | nucleosome remodeling and deacetylase complex | sarcomere | chromatin | congenital heart disease C ongenital heart disease remains the most common congenital malformation, and as such, attaining a mechanistic understanding of cardiomyocyte formation is crucial for improving outcomes to structural heart disease (1, 2) . Although much emphasis in the last few years has been placed on transcription factor networks that control cardiomyocyte differentiation, these studies have largely focused on transcriptional activation. However, there is growing recognition that alterations in transcriptional repression also lead to congenital heart disease (3) (4) (5) . Transcriptional repression involves not only cardiac transcription factors but also broadly expressed multiprotein machines that modify and remodel chromatin. Prominent among these is the nucleosome remodeling and deacetylase (NuRD) complex.
The NuRD complex is one of the major transcriptional complexes that function to repress gene expression. The NuRD complex has been reported in most instances to function as a chromatinmodifying complex and demonstrated to act by combining histone deacetylase activity with an ATP-dependent chromatin remodeling helicase to modulate chromatin states at target genes (6) (7) (8) (9) . The NuRD complex is essential for numerous developmental events, including ensuring proper timing of the switch from stem cell lineages to differentiated cell types, maintaining cell differentiation, and activating DNA damage response pathways (10) (11) (12) (13) (14) (15) (16) .
The components of the NuRD complex can vary, but it is typically composed of the ATP-dependent chromodomain helicase DNA-binding protein (CHD) 3/4, histone deacetylase (HDAC) 1/2, metastasis-associated protein (MTA) 1/2/3, retinoblastoma binding protein (RBBP) 4/7 (also known as RbAp48/46), GATAD2A/B, and the mCpG-binding domain protein (MBD) 2/3 (7-9, 17, 18). NuRD complex target specificity can be conferred by the association of components of the NuRD complex with tissue-specific cofactors that target the complex to a defined set of loci. Factors include three proteins associated with congenital heart disease: FOG-2, TBX5, and TBX20 (3, (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Consistently, mutations in CHD4 have been found to be causative to congenital heart disease, including atrial and ventricular septal defects (4) . Although the functions of the NuRD complex have been studied in a limited context in vivo, its role in cardiac development has yet to be defined and no studies to date have directly addressed the requirement or mechanism for CHD4 in cardiac tissue.
Here we report CHD4 is essential for cardiac development as mice cardiac conditionally null for Chd4 die during midgestation. By performing a systems-level analysis of CHD4 target genes combined with temporal transcriptional profiling, we provide evidence CHD4 directly binds proximal-promoter and distal gene regulatory elements to directly repress many fast skeletal and smooth muscle myofibril genes. Moreover, we find misexpression
Significance
Birth defects are the leading cause of infant mortality in the United States and Europe, with cardiac defects being the most prevalent. Here we define the requirement and mechanism of action of CHD4, the catalytic core component of the nucleosome remodeling and deacetylase (NuRD) complex, in embryonic heart development. CHD4 is essential from fly to human and mutations in CHD4 are causative to congenital heart disease, including atrial and ventricular septal defects. By generating a cardiac conditional null allele of CHD4, temporal transcriptional profiling, and systems-level analysis of CHD4 target genes and in utero echocardiography, we define molecular, biochemical, anatomical, and physiological mechanisms for CHD4 and the NuRD complex in repressing inappropriate expression of the skeletal and smooth muscle programs in the developing heart. of fast skeletal and smooth muscle myofibril genes in Chd4 null embryos is direct and not associated with a reactivation of the embryonic skeletal or embryonic smooth muscle program. We report skeletal and smooth muscle proteins are incorporated into cardiomyocytes, forming a hybrid of all three muscle types. Using a noninvasive in utero embryonic echocardiography technique, we show expression of all three muscle types impairs cardiomyocyte function, leading to a decrease in blood flow and ultimately embryonic lethality. Collectively these studies define molecular, biochemical, anatomical, and physiological mechanisms for CHD4 and the NuRD complex in repressing the inappropriate expression of the skeletal and smooth muscle programs in the developing heart.
Results

CHD4
Is Required for Cardiac Development and Myocardial Growth.
To determine the requirement for CHD4 in heart development, we generated Chd4 cardiac conditional null mice, Chd4 Δflox/Δflox embryos subsequent to embryonic day (E)12.5 (SI Appendix, Table S1 ).
At E11.5 we observed Chd4
Δflox/Δflox mice were viable but displayed pericardial edema, pericardial hemorrhage, and stunted growth compared with Chd4 flox/flox (no Cre recombinase) littermate controls (SI Appendix, Fig. S1 A-D) . Ultrastructural analysis showed Chd4 flox/flox and Chd4 Δflox/Δflox hearts initiate cardiac chamber formation at E10.5 ( Fig. 1 A and B) . However, by E11.5, Chd4
Δflox/Δflox hearts exhibited hallmarks of cardiac failure, including enlarged left and right atria, a reduced right ventricle, and an enlarged left ventricle ( Fig. 1 C and D) (34) . Histological analysis on Chd4
Δflox/Δflox and Chd4 flox/flox hearts at E10.5 revealed a decrease in complexity of the trabecular layer of the right and left ventricles and a significant decrease in the thickness of the compact layer by E10.5 (SI Appendix, Fig. S1 E-I). This myocardial growth defect was concurrent with a decrease in the mitotic index (SI Appendix, Fig. S1J ). However, there was no increase in the levels of apoptosis (SI Appendix, Fig. S1K ) or any change in the number of endocardial cells relative to cardiomyocytes (SI Appendix, Fig. S2 ).
Since we confirmed Chd4
Δflox/Δflox mice lack any cardiac CHD4 protein at E9.5 (SI Appendix, Fig. S3 ), these data imply CHD4 is required for cardiac development at or before E10.5.
CHD4 Regulates Transcription of the Skeletal-and Smooth Muscle-
Specific Programs in the Developing Heart. To explore the molecular mechanism by which CHD4 functions, we performed transcriptomic analysis (RNA-seq) on E9.5 and E10.5 hearts to ) of CHD4 revealed 1,285 differentially expressed genes at E9.5 and 1,318 differentially expressed genes at E10.5 [adjusted P value <0.05, log 2 (fold change) ≥ ±0.5] (SI Appendix, Fig. S4 A and B) . In agreement with the primary role of the NuRD complex as a transcriptional repressor, nearly three times as many genes were up-regulated in the absence of CHD4 relative to down-regulated genes (913 up-regulated versus 372 down-regulated at E9.5; 920 up-regulated versus 398 down-regulated at E10.5) (SI Appendix, Fig. S4 C and D) . Of these genes, 327 were coordinately upregulated, or shared between E9.5 and E10.5, while 65 were coordinately down-regulated at both E9.5 and E10.5 (SI Appendix, Fig. S4 E and F) . These genes tended to be those with the highest degree of change in either dataset. Gene ontology (GO) analyses were performed to investigate the roles and pathways of differentially expressed genes in Chd4 null hearts. Surprisingly, the most significant over-represented biological process associated with genes transcriptionally regulated by CHD4 was striated muscle contraction ( Fig. 1E) (36) .
In cardiomyocytes at early embryonic stages (E8.5-E9.5) myofibril subunits become organized and function as a contractile apparatus that will ultimately develop into mature cardiac sarcomeres. These sarcomeres bear contractile stress to drive the heartbeat and thus circulate nutrients and oxygen throughout the growing embryo (37) . Contractility is achieved by cardiomyocyte-specific myofibril subunits, including α-actin (cardiac Actc1 and to a lesser degree skeletal Acta1), β-myosin heavy chain (β-MHC, Myh7), and the troponin complex proteins: cardiac/slow skeletal troponin C1 (Tnnc1), cardiac troponin TnT2 (Tnnt2), and slow skeletal troponin TnI1 (Tnni1 and to a low degree TnI2, Tnni2) (38-42). We found Chd4 null hearts deviate from this normal developmental gene expression pattern by up-regulating the noncardiac paralogs for all of these genes, including smooth muscle Myh11 and fast skeletal Acta1, Tnnc2, Tnnt3, and Tnni2 (Fig. 1F) . We confirmed misexpression of noncardiac myofibril isoforms by quantitative PCR (RT-qPCR) (SI Appendix, Fig. S5 ). Interestingly, aberrant expression of these fast skeletal and smooth muscle paralogs is not accompanied by any significant misexpression of skeletal or smooth muscle transcriptional regulators (Fig. 1F) . CHD4 ablation did not significantly alter expression of α-smooth muscle actin (Acta2) or the majority of cardiac myofibril subunits (Fig. 1F and SI Appendix,  Fig. S6 ) (43) . We further confirmed increased fast skeletal TnI2 and smooth muscle myosin heavy chain protein levels by immunohistochemistry ( Fig. 1 G-DD) (antibody specificity demonstrated in SI Appendix, Fig. S7 ).
To address whether the misexpression of noncardiac myofibril isoforms was due to CHD4-mediated repression in cardiomyocytes, or a stress response to hemodynamic forces, we conditionally ablated Chd4 with Tnnt2-cre. Results phenocopied that of Nkx2-5
Cre/+ in the misexpression of TnI2 and smooth muscle myosin heavy chain (Myh11) (SI Appendix, Fig. S8 ). Taken together, these studies imply in the absence of CHD4, cardiomyocytes form a hybrid of cardiac, skeletal, and smooth muscle. To identify genes directly regulated by CHD4, we performed chromatin immunoprecipitation followed by high-throughput sequencing (ChIP-seq) for CHD4 using embryonic hearts collected at E10.0. This is a distinctive report of CHD4 ChIP-seq using noncultured in vivo tissue. We identified 43,818 regions of signal enrichment and found that CHD4 preferentially localizes to proximal-promoter regions (16.0% over 0.9% baseline genome composition) and introns (40.8% over 33.8% baseline genome composition) ( Fig. 2A , Right compared with baseline genome composition at Left).
To elucidate the relationship between CHD4 binding and the previously identified transcriptional changes, CHD4 ChIP-seq peaks were assigned genes by computationally predicted association (44) . GO analysis of these genes revealed striking concordance with processes predicted to be transcriptionally regulated by CHD4, specifically sarcomere organization, striated muscle contraction, and myofibril assembly (Fig. 2B) . This prompted us to compare genes transcriptionally misregulated in Chd4
Δflox/Δflox hearts with genes predicted to contain CHD4 ChIP-seq peaks. Suggestive of direct CHD4-mediated transcriptional regulation, we find a significant enrichment for genes predicted to be directly bound by CHD4 in genes up-or down-regulated in the absence of CHD4 (P < 0.001) (SI Appendix, Fig. S9 ).
For the E9.5 dataset, 71.4% (652 of 913) of up-regulated genes and 86.3% (321 of 372) of down-regulated genes associated with at least one CHD4 peak; 81.1% (746 of 920) up-regulated and 83.4% (333 of 398) down-regulated genes were associated with at least one CHD4 peak at E10.5. Genes coordinately up-or downregulated (shared) across E9.5 and E10.5 were also significantly enriched for genes predicted to be directly bound by CHD4; 74.3% (243 of 327) and 84.6% (55 of 65) of genes associating with at least one CHD4 peak, respectively (SI Appendix, Fig. S9 ). For example, CHD4 peaks are present at regions predicted to associate with the cardiac Mylk3 gene, one of two cardiac sarcomere subunits down-regulated in the absence of CHD4 (Fig. 1F and SI Appendix, Fig. S10 ). These data are in agreement with studies that have shown CHD4 and the NuRD complex can function in both transcriptional activation and repression (12, 14, (45) (46) (47) (48) .
As CHD4 appears to directly influence gene regulation, we queried whether there was a difference in the magnitude of regulation based on the location of CHD4 binding, specifically between genes with at least one proximal-promoter site [within 1,500 base pairs (bp) upstream and 500 bp downstream of transcriptional start sites (TSSs)] compared with genes with only distal sites. We observed genes associated with only distal binding sites demonstrated greater differential misregulation in the absence of hearts between genes containing proximal promoter (1,500 bp upstream ≥ TSS ≤ 500 bp downstream) or distal intergenic CHD4 ChIP peaks demonstrates a higher degree of change in genes associated with distal regulatory peaks in E9.5, E10.5, and shared up-regulated genes and E10.5 down-regulated genes. ***P value ≤ 0.001, **P value ≤ 0.01.
CHD4 relative to genes with at least one proximal-promoter binding site (Fig. 2C ). This unexpected finding may be due to CHD4 localizing at distal active enhancers, as has been previously reported for the NuRD complex (45) . Collectively, these data demonstrate CHD4 directly transcriptionally regulates cardiac muscle cell development when cardiac function becomes indispensable for continued embryonic growth.
CHD4 Coordinates a Transcriptional Network to Repress Noncardiac
Myofibril Gene Expression. Gene annotation of CHD4-bound regions and visual inspection of browser tracks identified CHD4 as directly bound to regulatory regions for fast skeletal and smooth muscle myofibril paralogs Myh11, Acta1, Tnnt3, Tnnc2, and Tnni2 (Fig. 3) . Combined with the previous transcriptomic analyses, these data suggest loss of CHD4 causes derepression of the skeletal and smooth muscle program in cardiomyocytes.
Misexpression of Noncardiac Myofibril Paralogs Leads to Sarcomere
Disarray and Impaired Cardiac Function. The observation that CHD4 suppresses noncardiac myofibril paralogs led us to hypothesize that misexpression of fast skeletal and smooth muscle myofibril paralogs affects sarcomere organization and ultimately cardiac function in the developing embryo. To test this hypothesis, we analyzed sarcomere formation in the absence of CHD4-mediated transcriptional regulation by transmission electron microscopy. By E10.5 control ventricular cardiomyocytes organize myofibril subunits into discrete sarcomere units in series that are anchored to each other at the Z disc (Fig. 4A, wedge arrows) . To provide contractile force, units are arranged in parallel in a higher order structure observed by the alignment of the Z discs across the muscle (Fig. 4B, arrows) . In contrast, Chd4 Δflox/Δflox hearts show a severe reduction in sarcomere organization and formation of Z discs. This coincides with a decrease in the parallel arrangement of sarcomeres (Fig. 4 C and D) . These defects are further associated with a significant decrease in sarcomere organization in Chd4
Δflox/Δflox hearts as quantified by the degree of Z-disc and A-band alignment (SI Appendix, Fig. S11 ).
To determine whether the skeletal and smooth muscle proteins are incorporated into the developing cardiac muscle, we analyzed colocalization of a cardiac sarcomere Z-disc protein, α-actinin, with misexpressed smooth muscle myosin heavy chain. Fluorescence intensity was measured and quantified over the length of individual sarcomeres. Analysis revealed smooth muscle myosin heavy chain protein organizes into nascent sarcomeres in Chd4
Δflox/Δflox cardiomyocytes (Fig. 4 E-L) . Taken together, our data imply that by intercalating into the nascent cardiac sarcomere, noncardiac myofibril isoforms displace normal cardiac sarcomere proteins during myofibril assembly.
Coexpression of Cardiac, Smooth Muscle, and Skeletal Muscle Paralogs
Compromises Cardiac Contractility and Function. To determine the physiological consequences of sarcomere disorganization as a result of fast skeletal and smooth muscle myofibril protein misexpression on cardiac function, we developed noninvasive in utero embryonic echocardiography methodologies. We performed ultrasound pulsedwave (PW) Doppler on E10.5 littermates in utero without surgical manipulation of the dam or embryos. This approach enabled us to measure the effect of sarcomere malformation on cardiac function in the context of the developing heart in situ while avoiding artificial manipulation of cardiac fluid dynamics or maternal stress. PW Doppler recordings of E10.5 control hearts demonstrate consistently strong atrial and ventricular contractions (Fig. 4M and Movie S1). In stark contrast, Chd4
Δflox/Δflox hearts with significant cardiac sarcomere disarray show severely reduced ventricular contractions with significant decreases in ventricular outflow peak velocity and velocity time integral (Fig. 4 N-P and Movie S2). Collectively, these data demonstrate CHD4 is required to repress expression of noncardiac myofibril paralogs in the developing heart. In the absence of CHD4, misexpressed fast skeletal and smooth muscle myofibril paralogs intercalate into the cardiac sarcomere, resulting in impaired cardiac function at the point at which cardiac function becomes indispensable for continued embryonic growth.
Discussion
Here we demonstrate CHD4 and the NuRD complex repress both smooth muscle and fast skeletal myofibril paralogs in the developing heart. We find the consequences of activating and incorporating skeletal or smooth muscle myofibrils in cardiomyocytes is a gross disorganization of the sarcomere, a failure of proper contraction and ultimately death of the embryo. There are multiple functional differences between these cell types. For example, cardiac and skeletal muscle have differences in calcium cycling and sensitivity of the troponin complex, as well as cooperativity and activation of the thin filament (49) . In contrast to cardiac muscle, smooth muscle cells do not primarily rely on a troponin complexmediated system of contraction and instead utilize ATP-mediated phosphorylation of the myosin head to induce contraction. Furthermore, unlike cardiac and skeletal muscle, smooth muscle cell myofibrils do not arrange into a striated sarcomere structure and instead organize into an oblique actomyosin cytoarchitecture (50) . In striated muscle cells, such as developing cardiomyocytes, myosin heavy chain intercalation is particularly crucial for formation of the thick filament and the associated M-line structure, which is then anchored in alignment between structural Z discs by titin. Substitution of smooth muscle myosin heavy chain into the nascent cardiac sarcomere may therefore be causing the sarcomere formation defects observed in CHD4-null cardiomyocytes, while incorporation of the fast skeletal sarcomere paralogs may further explain the impaired cardiac function in the absence of CHD4-mediated transcriptional regulation. While some studies have reported misexpression of skeletal or smooth muscle myofibril components in the developing heart at the transcript level, their presence at the protein level had not yet been confirmed (51, 52) . Furthermore, the mechanism by which misexpression leads to cardiac developmental defects had not yet been explored. In this report, we have demonstrated that in the absence of CHD4-mediated repression, misexpression of smooth muscle myosin heavy chain, fast skeletal α-actin, and the fast skeletal troponin complex leads to sarcomere disarray and impaired cardiac function. Collectively, this study begins to answer how misexpression of skeletal and smooth muscle myofibril subunits during cardiac development negatively affects sarcomere formation and cardiac function.
We further identified the genomic loci targeted by CHD4 to repress noncardiac myofibril paralogs through an unbiased approach. While some genomic regions have been documented as contributing to repression of these paralogs, these studies have not been performed in a comprehensive fashion using endogenous tissue at the relevant developmental stages of cardiac sarcomere formation (51, 53) . Also, the importance of cis-regulatory regions in regulating cardiac development and disease has only recently been emphasized (54) . The regulatory regions discovered here thus represent a significant step forward in identifying sites that are crucial for transcriptional regulation and normal heart development.
There is misexpression of many genes in the absence of CHD4-mediated repression in the developing heart. However, at this stage of cardiac development in mouse, continued embryonic growth is dependent on the formation of functional cardiac sarcomere units to initiate systolic function. Our data support a model in which CHD4 loss impedes this process during early heart development. This poses an intriguing question whether in humans, impaired cardiac systolic function associated with certain cardiomyopathies or cardiac failure, in the absence of mutations in cardiac sarcomere subunits, may be due to improper expression and intercalation of noncardiac myofibril paralogs in the cardiac sarcomere. Screening for misexpression of noncardiac myofibril paralogs in cardiac tissue, or for mutations in these putative regulatory elements that may impair CHD4 recruitment or activity, would address this hypothesis and suggest interventions for these patients.
Materials and Methods
A detailed description of materials and methods is provided in SI Appendix, SI Materials and Methods. Briefly, we conditionally ablated Chd4 in the developing murine heart and used transcriptomic, phenotypic, and echocardiography methods to assess differences in cardiac development. We assayed CHD4 genomic localization in the wild-type developmental context via ChIP-seq and bioinformatics analysis. All animal experiments were Δflox/Δflox hearts by peak velocity (O) and velocity time integral (VTI) (P) by Student's t test, n = 5 embryos per genotype, SEM ±14.35, 18.12, 25.12, and 16.93 (O) and 3.57, 2.30, 7.11, and 2.85 (P). *P value < 0.05, ***P value < 0.001.
